Recently, a number of optical imaging modalities have achieved single molecule sensitivity, including photothermal imaging, stimulated emission microscopy, ground state depletion microscopy, and transmission microscopy. These optical techniques are based on optical absorption contrast, extending single-molecule detection to non-fluorescent chromophores. Photoacoustics is a hybrid technique that utilizes optical excitation and ultrasonic detection, allowing it to scale both the optical and acoustic regimes with 100% sensitivity to optical absorption. However, the sensitivity of photoacoustics is limited by thermal noise, inherent in the medium itself in the form of acoustic black body radiation. In this paper, we investigate the molecular sensitivity of photoacoustics in the context of the thermal noise limit. We show that single molecule sensitivity is achievable theoretically at room temperature for molecules with sufficiently fast relaxation times. Hurdles to achieve single molecule sensitivity in practice include development of detection schemes that work at short working distance, <100 microns, high frequency, >100 MHz, and low loss, <10 dB.
INTRODUCTION
Photoacoustic tomography has been drawing the attention of the biomedical imaging community in the last decade [1] . A cross-over between optical imaging and ultrasound imaging, photoacoustics harnesses both the exquisite molecular contrast of optical absorption and the low scattering of ultrasound. Clinically, photoacoustic tomography is being used to add optical contrast to ultrasound imaging of breast cancer, due to its ability to image with acoustic resolution at depths beyond the optical diffusion limit, down to 2 cm demonstrated in vivo [2] and 8 cm in tissue phantoms [3] , while retaining specific molecular sensitivity from optical absorption. Photoacoustics has also proven to be a highly scalable technique, achieving subcellular resolution within a millimeter depth of tissue [1, 4, 5] . Since the photoacoustic effect involves the transduction of light energy into sound energy, photoacoustic images are largely background free and present 100% sensitivity to optical absorption [6] . The high imaging contrast of photoacoustics has enabled quantification of a number of vascular metrics, including total hemoglobin concentration (C Hb ), blood oxygen saturation (sO 2 ), flow speed or volumetric flow rate, capillary density, metabolic rate of oxygen (MRO 2 ), and pulse wave velocity (PWV) [7, 8] . Furthermore, nonlinear effects have enabled ultrasharp spectroscopy [9] and even sub-diffraction imaging with spatial resolution <100 nm [10] , making photoacoustic imaging the only optical imaging technique to break through both the optical diffusion and optical diffraction limits. At the sub-diffraction scale, however, the achievable resolution is limited by sensitivity as the number of molecules within a resolvable voxel becomes very small; for example, a 10 nm cube contains only 3 hemoglobin molecules at the corpuscular concentration, i.e. the concentration within a red blood cell.
Photocoustics is sensitive to the rapid deposition of heat due to optical absorption. In order to maximize our signal, we must consider how rapidly a single molecule can generate heat. Molecules have a finite relaxation time which ultimately limits the amount of heat deposited, or equivalently the number of photons absorbed, in a given time interval. The rate of heat deposition, , follows the formula for absorption saturation, described in laser theory [15] .
where is the fraction of absorbed energy released as heat, is the absorption cross-section, is the optical intensity, is the saturation intensity, and is a factor of 1 or 2 depending on the electronic energy states of the molecule. In the Fourier domain, absorption saturation induces harmonics for = 1 + cos 2 , and the harmonic amplitudes, , are given by:
This explicit solution was found in [16] . For , the peak occurs at ≈ 2.4 sat and the peak value is about ≈ 0.34 • sat .
Consider the Fourier domain solution in the linear case for a cubic source of dimension, , using the Born approximation
where is the thermal expansion coefficient, is the speed of sound, is the specific heat at constant pressure, is the distance from the center of the spherical absorber to the point of measurement, and is the Fourier transform of .
A single molecule is small compared to the wavelength of sound and is therefore approximately an acoustic point source. By allowing → 0, we arrive at the equation for an acoustic point source:
To account for ultrasonic absorption in the medium, which becomes significant for large , Eq. 4 can be modified to include the exponential attenuation term:
The optimum acoustic frequency can be determined analytically by setting the derivative with respect to frequency equal to zero:
In aqueous medium, the attenuation is water = 25 • 10 Hz -2 m -1 and water = 2. The optimum frequency for a giving imaging depth, , is shown in Figure 1. 
THEORY

Photoacoustic Signal
The optimum regime for single molecule detection is clearly at shallow depth and at high frequency. This regime also facilitates tight optical focusing, meaning that optical intensities above the saturation intensity can be achieved for many molecules. For example, the saturation intensity of oxygenated hemoglobin in the Q-band of the absorption spectrum is 100 MW/cm 2 [18] . In the case of a Gaussian beam profile, a peak intensity of 500 MW/cm 2 can be achieved with 2 W incident power with beam waist 0.5 μm, achievable with commercially available continuous wave lasers and objective lenses.
Substituting
≈ 0.34 • sat and peak = / into the equation for pressure amplitude, we arrive at an expression for the optimized pressure amplitude at the fundamental frequency, | |, given by:
Here, the expression for | | is grouped such that the first term in parentheses contains parameters related to the medium, the second term to the absorber, and the last term to the detector.
Acoustic Black Body Radiation
Thermal noise exists in the medium and can be detected by a transducer in the form of acoustic black body radiation [19] . The form of thermal noise is derived using the equal partition principle of statistical mechanics, which states that each degree of freedom contributes a noise energy equal to , where is the Boltzmann constant and is temperature. Analogous to the derivation of black body radiation in optics, the power spectrum of thermal noise can be calculated by computing the number of degrees of freedom in a unit volume of temperature and differentiating with respect to frequency, . The power spectrum of thermal noise radiation per unit area per unit solid angle, , is given by [19] :
where is the speed of sound. Here we assume that black body radiation condition is satisfied, i.e. that acoustic absorption in the media is sufficiently high, which is valid for a semi-infinite medium. This energy is radiated omnidirectionally; however, an acoustic detector only receives a fraction of this energy based on its etendue, . The etendue is defined in terms of the area of the detector, , which we assume is uniform and not apodized, and the normalized directivity of the transducer, , .
= ∬| , |
The theory of angular spectrum relates , to the amplitude transmittance of the transducer, , Applying Parceval's theorem and substituting for ∬| , | yields:
( 1 2 ) So of a diffraction-limited transducer is equal to and the power spectrum of thermal noise received by the transducer, , is given by:
In order to be detectable even with an ideal detector, the power spectrum of the photoacoustic signal must be larger than . Cooling the medium to actually counterproductive in the case of photoacoustics since the thermal expansion coefficient, , decreases with temperature. The power of the optimized photoacoustic signal at the fundamental frequency within a bandwidth , , is given by:
where is the characteristic acoustic impedance of the medium.
Here, again, we group terms into parameters related to the medium, absorber, and detector. The detector parameters can be written in terms of the numerical aperture, ≈ / . In water, = 4x10 1/K, water = 2, = 1.5 MRayls/m 2 , = 4000 J/kg/K, and water = 25 • 10 Hz -2 m -1 , so the acoustic power of an absorber in water is given by: = = 687 m/W • / .
( 1 5 ) Figure 2 shows the acoustic powers and pressures generated from a single molecule of methylene blue (MB), oxygenated hemoglobin (HbO 2 ), and deoxygenated hemoglobin (HbR) as a function of working distance. At a bandwidth of 1 Hz, a single Hb molecule generates sufficient power to overcome acoustic thermal noise in the medium at a working distance of 1 mm. The optimum frequency at a 1 mm working distance is about 150 MHz, which presents a problem from a detection standpoint since most transducers that operate at this frequency are optimized from broadband detection and therefore exhibit more than 20 dB insertion loss. This loss directly reduces our molecular sensitivity and pushes the minimum detectable distance to around 10 μm, which is significantly more difficult to achieve.
The Q-band absorption properties of these three molecules is shown in Table 1 [18, 21] . Note that the optimized optical intensity only depends on the absorption lifetime, , and b. The acoustic power is calculated for a of 0.5. 
